ABSTRACT We present a new optical method for the electrical defect inspection for indium tin oxide (ITO) thin film on a glass substrate. The present method is based on the visualization of the microwave heating distribution around an electrical defect from the thermal stress distribution of the glass substrate of ITO-glass. By using a conventional polarized microscope with microwave irradiation (6 ∼ 15 GHz), we show that the present method provides a non-contact and non-destructive way to inspect an electrical defect of a transparent conductive thin film with a minimum detectable defect length of 1 mm and a parallel sensing of electrical defects distributed in a 40 mm by 30 mm area. The high resolution and wide field of view of the present method are attractive features for the practical application of this inspection technology.
I. INTRODUCTION
Conductive transparent thin films are a basic building block of modern display devices such as the liquid crystal display (LCD) and the organic light emitting diode (OLED), where they are used as a precursor of electrode structure for devices [1] , [2] . Because the quality of the thin films determines the reliability and production yield of the fabricated device, there has been much effort to develop an inspection technology that enables detection of electrical defects of the conductive thin film [3] .
Conventional methods based on a scanning probe, such as the four-point probe method [3] , [4] , conducting tip atomic microscopy [5] , eddy current probe microscopy [6] , and scanning probe microwave microscopy [7] have been applied in various researches on electrical properties of thin films. However, because of extremely low measurement throughput of scanning methods, they are not suitable for practical applications that demand a high measurement throughput. Non-scanning probe methods such as electron microscopies [8] , [9] , terahertz-time domain spectroscopy [10] , and thermography [11] , [12] can provide an excellent measurement throughput. However, they have
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limitations for the practical applications. For instance, electron microscopies have such a small field of view, thermography requires an electrical contact, and the terahertz-time domain spectroscopy requires non-conventional, expensive, and complicated measurement systems.
Optical microscopy is an attractive way satisfying such demands as it provides excellent spatial resolution up to few micrometers and measurement throughput through the parallelized sensing functionality of the CCD sensor. Particularly, a wide range of field of view can be obtained easily through a proper optical design without degradation of the measurement throughput. This is an important advantage because it has been a critical issue in the industrial area due to the enlargement of a wafer and a display panel size. Existing optical inspection technologies are based on a detection of optical signal induced by a light scattering or absorption change caused by a defect [13] - [15] . However, because such changes also can be due to dust or contamination, the optical signal is not directly related to the electrical conductivity defect of the conductive thin film.
Previously, we reported that the optical imaging of a microwave heating distribution through the photo-elastic effect can be used for the electrical defect detection for a conductive thin film [16] . It was observed that when an aluminum thin film deposited on a glass substrate was radiated by microwaves, a strongly localized heating occurred around the electrical defect of the thin film. Because this method is based on a conventional optical microscope system with CCD camera with a non-contact microwave excitation, it can be a promising way to inspect the electrical defect of a conductive thin film that provides an excellent measurement throughput, flexible field of view, and high resolution reaching up to the optical resolution limit.
In this paper, we present a systematic study on the electrical defect detection for the indium tin oxide (ITO) thin film on the glass substrate (we shall refer to the ITO coated glass substrate as ITO-glass). We test various defect sizes, frequency, and polarization direction of the excitation microwave field to investigate the inspection performance for the electrical defect. From the measurement results, we show that an electrical defect that was much smaller than that of wavelength of the excitation microwave could be visualized from the strongly localized heating distribution around the electrical defect.
II. PRINCIPLE FOR DEFECT DETECTION
When microwaves enter an ITO-glass, the magnetic field of the microwave generates surface current in the ITO thin film [16] - [18] . If the electrical conductivity of the ITO thin film of the ITO-glass is uniform, the surface current distribution depends on the excitation magnetic field structure, and the geometrical shape of the ITO-glass. For a sufficiently large ITO-glass, the surface current distribution will be identical to that of magnetic field of the incident microwave. In this case, because the ITO-glass is heated by the surface current through the Joule heating process, the heating distribution, surface current distribution, and the excitation magnetic field structure will be identical to each other [17] .
However, for a case that an electrical conductive defect exists in the ITO-glass, the local discontinuity of electrical conductivity will change the surface current distribution. In this case, the excitation magnetic field and excited surface current distribution can be different from each other, and as a result, the heating distribution will be changed by the defect. Particularly, a small and a long flaw or crack with a narrow width can behave as a slot-line transmission line because of their structural similarity. In this case, the incident microwave will be guided through the structure so that the defect will be strongly heated by the guided microwave. We note that the slot-line structure has a high microwave loss so that the electrical defect will be heated efficiently by the guided microwave [19] .
If the microwave is applied continuously to the ITO-glass having an electrical defect, the heat generated from the electrical defect diffuse to the glass substrate, and it results in an increase of the local temperature of the glass substrate. The increase of the local temperature causes a thermal stress around the electrical defect due to a non-uniform thermal expansion of the glass substrate. In this case, one can find heat source distribution from the thermal stress distribution by solving plane thermal equation [17] . This can be done by measuring the linear birefringence (LB) distribution of the ITO-glass through the polarized light microscope system. The thermal stress of the glass substrate results in the photo-elastic effect that causes optically isotropic material to exhibit linear birefringence. The LB is related to components of the stress tensor as:
where, σ x , σ y , are normal stress components along x-and y-axis, σ xy is shear stress component, d, S are the thickness and stress optical constant of the glass substrate, λ is the wavelength of the probing light, β is the LB, and θ is the angle between the principal stress axis and x-axis of the laboratory Cartesian coordinate system. From plane thermal stress analysis, one can find the heat source distribution from the experimentally accessible LB distribution as:
where C is a constant absorbing constant terms in equations (1) and (2) . The spatial distributions of β 1 and β 2 can be visualized directly through a polarized light microscope system with a circularly polarized probing light (Fig 1(a) ). When a circularly polarized light is passed through a stressed glass, the LB changes the circularly polarized light to an elliptically polarized one. The LB depends on the strength and direction of the stress as shown in equations (1-2), and it can be analyzed by measuring the intensity change of a probing light passing through a linear polarizer (analyzer) by the following equation [17] :
where, I LCP and I RCP are intensities for left-handed and righthanded circularly polarized (LCP and RCP) light passing through the analyzer, π /2, π /4 are the angle of the optical axis of the analyzer to the x-axis (Fig 1(b) ).
III. EXPERIMENT
A. MEASUREMENT SETUP Figure 1 (a-c) show illustrations and photograph of the measurement setup. The probing light was emitted from the light emitting diode (LED; λ = 530 nm). The probing light was first linearly polarized (LP-sate) by a polarizer, and the LP-state was modulated to be LCP and RCP state by a liquid crystal modulator (LCM) [20] . The LCM is a variable waveplate whose retardation changes as a function of applied AC voltage so that one can modulate the polarization state of the light without mechanical rotation of the optical axis. The circularly polarization states were obtained by applying an AC voltage that made the retardation of the LCM to be ±λ/4, where we adjusted the angle of the optical axis of the LCM to be 45 • with respect to that of the sheet polarizer in order to maximize the dynamic range of the polarization modulation. The circularly polarized probing light was collimated by a large diameter lens (∼15 cm) to maximize the field of view of the microscope system (∼6 cm). In addition, we aligned the light propagation direction so that the incident light formed an angle of 10∼20 • with the normal direction of the surface of the ITO-glass. In this configuration, the probing light reflected from the ITO-glass can be measured by the CCD camera without an optical beam splitter, and therefore, the field of view of the microscope system is determined by the collimating lens. The collimated light was propagated through the glass substrate of the ITO-glass, and it was reflected at the ITO-glass interface. The reflected light was propagated to the second sheet polarizer (analyzer) that was used to determine changes of the reflected light polarization states, and the light intensity distribution passed through the analyzer was visualized by the CCD camera (1024 by 768 pixels) with an imaging lens.
The continuous wave (CW) microwave signal was generated by a signal generator, and it was amplified up to 30 dBm by a microwave amplifier. The amplified microwave was transmitted to the open-ended rectangular waveguide (X-band, TE mode, 19 mm by 9.5 mm), where the signal generator, amplifier, and the waveguide were connected by coaxial cables. The transmitted microwave was radiated VOLUME 7, 2019 from the waveguide to the ITO surface of the ITO-glass. The distance between the waveguide and ITO thin film was around 1 cm, and this gap was introduced to rotate the waveguide without changing the optical measurement setup. The thicknesses of the ITO thin film and soda lime glass substrate were 50 nm and 0.5mm, respectively, where the ITO thin film was prepared by the sputtering method. Electrical defects of ITO thin films were made by excimer laser patterning.
B. IMAGING PROCESS
Intensity distributions of reflected light from the ITO-glass were measured before and after microwave excitation. For each measurement, 100 images were captured continuously, where the measurements were started with a wait time of 6 seconds to saturate the temperature change of the ITO-glass. The measurements before and after microwave excitation were repeated for 10 times in sequence so that 1000 images were accumulated for each measurement, where total measurement time was around 10 minutes. The variation of the intensity distribution by the microwave excitation was obtained by calculating the intensity difference between the measurement results before and after microwave excitation. The change of the LB was calculated from equations (8-9) with measured light intensity that passed through the analyzer.
The heat source distributions of the ITO-glass were calculated from the calculated LB images by equation (4) . The first order differentiation was conducted by calculating the difference between adjacent pixels of LB images as:
where, x and y are the position of the pixel of calculated images, i indicates 1 and 2 in equation (1). The second order differentiation was conducted in the same way from images obtained from the first order differentiation as:
Before the first and second differentiations, images were smoothed by a moving average of 20 pixels, where the smoothing process was introduced to reduce a noise signal that was caused by a local intensity fluctuation. Figure 2 shows representative measurement results, where optical images of the ITO-glass are shown in (a) and (e), β 1 and β 2 distributions for different waveguide directions are shown in (b-c) and (f-g), and calculated heat source distributions are shown in (d) and (h), respectively. The measurement results show that a strong and localized β 1 and β 2 signals appeared around the electrical defect when the short direction of the waveguide (parallel to the y-axis) was perpendicular to the length direction (parallel to the x-axis) of the electrical defect as appears in Fig2 (b) and (c). Otherwise, a broad β 1 and β 2 signals appeared around the center of the wave guide when the waveguide was rotated 90 degree from the perpendicular configuration, and the distributions were similar to that of ITO-glass having no electrical defect. Because the β 1 and β 2 signals are related to the thermal stress of the glass substrate, the localized signals indicate that the microwave heating is localized in a small region, and the broad signals indicate that the microwave heating occur over a relatively large region. This is consistent with the calculated heat source distributions appearing in Fig. 2. (d) and (h), where they were calculated from (b-c) and (f-g), respectively. From the heat source distributions, one can see that a strong and fairly localized heat source appears around the electrical defect when the β 1 and β 2 signals show a localized structure, while a broad heat source appears when the β 1 and β 2 signals show a broad structure.
IV. RESULT AND DISCUSSION
The difference of the heat source distribution (d) and (h) indicates that the electrical defect is heated differently depending on the polarization direction of the microwave. Because the waveguide is excited in the TE-mode, the localized heating appeared in (d) means that the electrical defect strongly coupled with the microwave when the microwave electric field is perpendicular to the length direction of the electrical defect (perpendicular configuration). On the other hand, the broad heating appearing in (e) means that the electrical defect does not couple strongly with the microwave when the microwave electric field direction is parallel to the length direction of the electrical defect (parallel configuration). Because the microwave heating of a conductive thin film is caused by the Joule heating process [16] - [18] , the heat source distribution will be identical to that of surface current distribution induced by the microwave. Therefore, the measurement results indicate that a strongly localized surface current is induced on the ITO thin film for the perpendicular configuration. This can be confirmed from the simulation results on the surface current distributions of a conductive sheet having an electrical defect with perpendicular and parallel configurations. Figure 3 (a-c) shows the simulated surface current of a conductive sheet having an electrical defect for parallel and perpendicular configuration at 15 GHz, where the simulations were conducted by the CST Microwave Studio with the frequency domain solver. In this simulation, we modeled the ITO thin film and glass substrate as a perfect electrical conductor (60 mm by 60 mm by 0.0 mm) and lossless dielectric medium (60 mm by 60 mm by 0.5 mm; dielectric constant: 4.3), respectively. The open ended wave guide was modeled as a hollow rectangular conductor with dimensions of 20 mm by 10 mm with length of 25 mm along the propagation direction, and the distance between the waveguide and the ITO-glass was 10 mm. For the excitation of the waveguide, a waveguide port was assigned at the end of the structure along the length direction.
By comparing the simulation results with measurement results appearing in Fig. 2 (d) and (h) , one can see that the simulated surface current distributions for the parallel and perpendicular configuration are identical to the measured heat source distributions. In particular, one can see that the simulation result for the perpendicular configuration shows a strongly localized surface current at both ends of the electrical defect, and the surface current distribution is identical to the heat source distribution calculated from the LB measurement result. We note that the simulation results showed that the surface current for the perpendicular configuration is 1000 times larger than that of the parallel configuration. This result is consistent with the measurement result that a clear heating distribution around the defect appears only in the perpendicular configuration. Therefore, it can be concluded that the localized heating around the electrical defect is caused by the surface current induced by the microwave, and the localized heating is strong when the polarization direction of the microwave (E-field direction) is perpendicular to that of the length direction of the electrical defect.
The strong coupling between the electrical defect and microwave can be explained by the structure similarity of the electrical defect to the slot-line transmission line. Like the slot-line transmission line, the electrical defect of the ITO-glass is an insulating gap between two conductive planes with a narrow width. Because the electric and magnetic field directions of microwave propagating in a slot-line transmission line are parallel and perpendicular to the width direction of the slot, the electrical defect of the ITO-glass will be excited efficiently when the incident microwave electrical field (magnetic field) is parallel (perpendicular) to the width direction of the electrical defect. However, the coupling between the incident microwave and the electrical defect will be weak for the parallel configuration. For weak coupling, the electrical defect will be transparent to the incident microwave, and as a result, the surface current distribution will be close to that of the defect-free ITO-glass.
To verify the minimum detectable length of the present method for the electrical defect, we tested ITO-glass having different defect length. Figure 4 shows heat source distributions of the defect-free (a) and ITO-glass with different defect length (b-f). One can see that the localized heating appears when the defect length exceeded 1.0 mm, and the heat source distribution of the ITO-glass with 0.1 mm defect is similar to that of the defect-free ITO-glass. This result indicates that the minimum detectable length of the electrical defect is around 1.0 mm. In addition, from line profiles of the heat source distribution appearing in Fig. 5 , one can see that the distance between the two peaks in both line profiles are identical to their defect length. This indicates that one can determine the length of the electrical defect from the visualized heat source distribution.
To investigate the field of view for the electrical defect detection, we made an array of electrical defects on the ITO-glass. The length of the electrical defects was 5mm, and they were placed periodically with a 5mm distance. In addition, we attached a horn antenna (aperture: 92 mm by 71 mm) to the open ended waveguide to increase the beam width of the microwave, and the ITO-glass was placed at the front of the horn antenna with 10 mm distance. Figure 6 shows optical (a) and heat source distribution (b) images of electrical defects. From the measurement results, one can see that the field of view for the defect detection can reach up to 4 cm by 3 cm area. We note that in this field of view, all electrical defects were detected at the same time. This is an advantage of the present method that overcomes slow measurement throughput of traditional scanning methods.
To investigate the frequency dependence on defect detection, we visualized heat source distributions for various excitation microwave frequencies. Figure 7 (a-c) shows measured heat source distributions as a function of excitation microwave frequency for ITO-glass with 5mm, 3mm, and 1mm defect lengths. For 5mm and 3mm defects, the localized heat source distributions around the electrical defect appeared for all excitation microwave frequencies tested in the present experiment. For a 1mm defect, a detectable localized heat source began to appear at 8 GHz, and it was surrounded by a broad heat source distribution. While the localized heat source of 1mm was weak, its intensity was strong enough to determine the existence of the electrical defect for excitation microwave frequencies above 8 GHz. These results indicate that the localized heating of the electrical defect occurs for a broad microwave frequency region. In addition, the overall increase of the intensity of the localized heat source distribution indicates that a high frequency microwave is preferable for the defect detection.
Finally, it is worthwhile to discuss the practical situation for the inspection of electrical defects. For a practical application, it is important to consider that electrical defects can have arbitrary shape, orientation, width, and length. However, because it is difficult to deal with all kinds of defect structures, we only focused on a defect that has a similar structure to the slot-line transmission line in this study. This structure can be regarded as a narrow crack that can be caused by substrate bending, or by scratching of the ITO surface. We note that even in this simple structure, there will be many factors that change the microwave coupling and heating efficiency of the defect. For instance, Figure 8 (a-d) show simulated surface current distributions of electrical defects with different widths of 0.1, 0.5, 1.0, and 2.0 mm. From the simulation results, one can see that when the defect width is less than 2.0 mm, the intensity of the surface current increases along with an increase of defect width. However, the surface current decreases when the defect width is 2.0 mm. This indicates that the microwave coupling and heating efficiency will be varied depending on the defect width, and they are not linear in the defect width.
More research is needed to know what kinds of defect structure are visible or invisible. However, one can find a practical way to inspect the defect having a slot-line transmission line structure with a narrow width. For instance, problems caused by arbitrary orientation of the defect can be resolved by measuring heating distribution with different polarization directions of the microwave. This can be done by rotating the waveguide without changing optics of the measurement system. In addition, inspection of a smooth and a non-straight defect will be possible because it can be regarded as a straight defect for a limited length.
V. CONCLUSION
In conclusion, we report a new optical inspection technology for the electrical defect detection of a transparent conductive thin film. The proposed method utilizes the microwave heating of conductive thin film and photo-elastic effect of the glass substrate of the thin film. We presented experimental results that an electrical defect of the ITO-glass results in a strong and fairly localized microwave heating. From the simulation results, we showed that the localized microwave heating was caused by a localized surface current around the electrical defect. By visualizing the thermal stress distribution of the ITO-glass, and by calculating the heat source distribution from the measured stress distribution, we showed that one can visualize the electrical defect distribution with a minimum detectable length of 1.0 mm and a field of view of 40 mm by 40 mm. Finally, from the measurement results on the excitation microwave frequency dependency of the microwave heating of the defect, we showed that the defect detection can be conducted with a wide bandwidth of excitation microwave frequency. Because the present method allows a non-contact and non-destructive electrical defect inspection with high resolution, and with parallel sensing with a wide field of view by using a conventional polarized light microscope system, we expect that the present method can be an attractive candidate for a practical inspection system for the electrical defect detection. 
